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ABSTRACT
Development of quantitative high-throughput in vitro assays that en-

able assessment of viability and morphological changes in neuronal cells

is an active area of investigation in drug discovery and environmental

chemical safety assessment. High-content imaging is an emerging and

efficient tool for generating multidimensional quantitative cellular

readouts; in addition, human induced pluripotent stem cell (iPSC)-

derived neurons are a promising in vitro model system that emulates

both the functionality and behavior of mature neurons, and they are

available in quantities sufficient for screening workflows. The goal of

this study was to develop high-content imaging and analysis methods to

assess multiple phenotypes in human iPSC-derived neuronal cells.

Specifically, we optimized cell culture, staining, and imaging protocols

in a 384-well assay format and improved laboratory workflow by de-

signing a one-step procedure to reduce assay time and minimize cell

disturbance. Phenotypic readouts include quantitative characterization

of neurite outgrowth and branching, cell number and viability, as well as

measures of adverse effects on mitochondrial integrity and membrane

potential. To verify the robustness of the workflow, we tested a series of

compounds that are established toxicants. We report concentration–

response effects of selected test compounds on human iPSC-derived

neuronal cells and illustrate how the proposed methods may be used for

high-content high-throughput compound toxicity screening and safety

evaluation of drugs and environmental chemicals.

INTRODUCTION

T
he nervous system can be subject to the toxic effects of

environmental chemicals and pharmaceutical drugs. Ex-

posure to neurotoxic compounds in prenatal and postnatal

stages of mammalian development can result in alterations

in the function of the nervous system later in life. A number of human

neurological disorders have been associated with early-life exposure

to chemicals.1,2 In addition, neurotoxicity is an adverse drug reaction

of concern to the pharmaceutical industry.3 Accordingly, there is a

high demand for the development of predictive and disease-relevant

cell-based assays that can be used for the efficient assessment of

chemicals and drug candidates in a high-throughput quantitative

screening format.4,5

The development of in vitro models of the human central nervous

system or peripheral nervous system has been challenging.6 The

complexity, in terms of the number and interconnectivity of multiple

cell types, maturity, and highly differentiated state of most cells of

the mammalian nervous system is difficult to replicate in cell-based

models. Specifically, it is crucial that in vitro assay readouts not only

evaluate cell viability, but also enable assessment of cell morphology

and neuron-specific cell functional activity. High-content imaging is

a powerful tool that can provide information on multiple morpho-

logical parameters for such assays.7–9

A number of in vitro models have been proposed for neurotoxicity

testing.10–12 Immortalized cell lines, such as PC12 and human neuro-

blastoma cells are widely employed.11 However, these models have

yielded low predictivity for toxicity assessment, likely due to their lack

of complete neuronal functionality and poor differentiation.11,13 Cul-

tures of primary neurons (e.g., freshly isolated or cryopreserved) from

rats, mice, or humans have also been used for in vitro testing.14,15

Advances in liquid handling and culture techniques have improved

the usability of primary rat neurons in high-content screening for

testing small molecule protein kinase inhibitors.8,9 Techniques for

generating embryonic stem cell-derived neurons have also been de-

veloped, and these cells have been used in automated high-content

imaging-based assays monitoring cell viability and neurite outgrowth.7

Recently, induced pluripotent stem cell (iPSC)-derived neurons

were established and used in functional screening assays for neurite

formation and mitochondrial activity.16 Human neuronal cells de-

rived from iPSCs are attractive models for toxicity screening because

they exhibit the function and behavior of mature neurons and are

also available in large quantities sufficient for screening.17,18 Im-

portantly, human iPSC-derived cells can be established from differ-

ent individuals to enable disease- and genotype-specific studies.19 In

vitro studies with iPSC-derived neurons demonstrated in vivo-like

electrophysiology, Tau protein secretion, and sensitivity to the potent

neurotoxin botulinum.20–22 In addition, a number of other iPSC-

derived cell types have been used successfully for high-content and

high-throughput toxicity testing.23–25

Taking advantage of both iPSC-derived neurons as a cell model,

and high-content imaging as a technique that provides data-rich
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phenotypic readouts, we developed and optimized fast, accurate, and

reproducible methods to investigate the viability and morphology of

human iPSC-derived neuronal cultures. Specifically, the optimized

cell culture protocols allow for maintaining neurons and obtaining

reproducible data in a 384-well format. In addition, the improved

assay workflow optimizes cell processing through one-step staining,

thereby minimizing the disruption of neuronal cultures. We applied

these new methods to test select compounds that are known toxicants

and report that our assays provide results consistent with the known

adverse effects of chemicals on neuronal cells. Finally, by taking

advantage of high-content image acquisition through a large field of

view camera using single-site acquisition coupled with an improved

image analysis software, the analysis results can be reported in real

time creating a streamlined protocol for screening environments.

METHODS
Cell Model

We used iCell Neurons (Cellular Dynamics International, Madi-

son, WI), human iPSC-derived neurons, for all studies detailed in this

report. Characterization of the cells included morphological and

immunostaining analyses.26 Human iPSC can be developed from

adult tissue and blood cells through noninvasive methods, expanded

indefinitely, and differentiated into multiple cell types.17,27 iCell

Neurons used in these studies were provided by the manufacturer as a

fully differentiated and highly pure population of cells that formed

neurite networks positive for the neuronal markers b-III tubulin and

MAP2. Purity was assessed by counterstaining for iPSC markers;

typically less than 1% of cells were found positive for iPSC markers

(data not shown). A similar process for creating such cells has been

described previously.18

Cryopreserved cells were thawed and plated according to the pro-

tocol provided by the Cellular Dynamics International. Briefly, cells

were plated on poly-d-lysine precoated 384-well BD Biocoat plates (BD

Biosciences, San Jose, CA) that were additionally treated with laminin

(3.3mg/mL; Sigma-Aldrich, St. Louis, MO). Cells were plated at densities

of 2,000–7,000 cells/well in 384-well plates in the iCell Neurons

Maintenance Medium (Cellular Dynamics International) at 37�C and

5% CO2. Media were changed every 48h until the day of the assay.

Chemicals and Treatments
For compound screening, stock concentrations of the test agents

were prepared as 100 mM stock solutions in tissue culture-grade di-

methyl sulfoxide (DMSO). The following test chemical agents (with

the highest of the concentration range tested indicated in parentheses)

were used in these studies: mitomycin C (100mM), rotenone (100mM),

methylmercury (100mM), retinoic acid (500mM), rapamycin (100mM),

and carbonyl cyanide m-chlorophenyl hydrazine (CCCP, 130mM). For

chemical test wells with final compound concentrations of £ 100mM,

DMSO was present at 0.1% (vol/vol). For higher compound concen-

trations, the final DMSO concentration was £ 0.3%. Compounds were

tested in quadruplicate in an eight-point dilution series. All chemicals

were purchased from Sigma-Aldrich. For neurite outgrowth assays,

iPSC-derived neurons were cultured for 48 h before the initiation of

the experiment to ensure formation of uniform networks of neurites.

Cells were then exposed to the indicated concentrations of compounds

for 72 h. For the mitochondrial toxicity assay, cells were cultured for

6–8 days and then exposed to compounds for 30 min.

Multiparametric Live-Cell Toxicity Assay
Following incubation of the cells with test compounds, media

was removed and cells were incubated with a mixture of 1 mM

Calcein AM and 2 mg/mL Hoechst 33342 in sterile phosphate buff-

ered saline (PBS; all from Life Technologies, Grand Island, NY). The

Calcein AM signal was used to measure neurite outgrowth, cell

viability, and a variety of morphology parameters. Hoechst 33342

was utilized to measure total cell count and nuclear shape. After a

30 min incubation, the staining solution was replaced with PBS

containing 0.1% of Fetal Bovine Serum (FBS; Life Technologies)

and images were acquired using the ImageXpress� Micro XLS

(Molecular Devices, Sunnyvale, CA).

Immunostaining iCell Neurons for Neuronal Markers
Cell culture medium was removed and cells were fixed in 4%

methanol-free dimethyl formaldehyde (Sigma-Aldrich) in PBS for 1 h

at room temperature. Fixed cells were then washed once with PBS,

and once with a permeabilization solution (0.02% saponin [Sigma-

Aldrich] and 2% FBS in PBS). After the last wash, cells were in-

cubated in permeabilization solution for 1 h at room temperature.

After permeabilization, the cells were stained with AlexaFluor-488-

conjugated anti-b-III tubulin (BD Biosciences) 1:20 dilution, or

AlexaFluor-633-conjugated anti-MAP2 (BD Biosciences) 1:20 dilu-

tion, and 2 mM Hoechst 33342, overnight at room temperature. Cells

were washed once with PBS before images were acquired. It should be

noted that fixing the cells and b-III tubulin or MAP2 staining can be

performed following live cell imaging with Calcein AM (detailed

above). This allows for sequential evaluation of several additional

neuronal markers. Fixed cells may be also stored for subsequent

analyses.

Mitochondrial Membrane Potential Assay
The mitochondrial membrane potential assay kit (Cell Meter JC-

10 Mitochondrion Membrane Potential Assay Kit Optimized for Flow

Cytometry Assays; AAT Bioquest, Sunnyvale, CA) specifically eval-

uates a compound’s ability to rapidly disrupt the polarity of the

mitochondrial membrane. Cells were treated with compounds for

30 min and the mitochondria dye JC-10 reagent was added. The JC-

10 reagent in the kit buffer may be added directly to cells after the

media with chemical test compounds have been removed. Alter-

natively, 2 · concentration of the JC-10 reagent in the kit buffer may

be added directly to the media. After 30 min of the JC-10 staining at

37�C and 5% CO2, images were acquired using the ImageXpress

Micro XLS system.

Image Acquisition and Analysis
Images were acquired using the ImageXpress Micro XLS system

using 20 · Plan Fluor ELWD (NA = 0.45) or 10 · Plan Fluor (NA = 0.3)
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objective. The light source was a solid state white light engine with

emission from 380nm to 680nm. A FITC filter cube [Ex 482/35, Em

536/40; center wavelength (nm)/bandpass width (nm)] was used for

Calcein AM. A DAPI filter cube (Ex 377/50, Em 447/60) was used

for Hoechst 33342.

Images for the mitochondrial permeability assay were acquired

using the TRITC and FITC channels for the JC-10 staining along with

a DAPI channel if the Hoechst 33342 staining was included. For

higher throughput with the multiparametric toxicity assays, one

image per well was taken for 384-well plates using a 10· objective.

Images acquired with a 20· objective allowed higher resolution,

better visualization, and improved analysis of the mitochondria.

Images were analyzed using the MetaXpress� 5 software (Molecular

Devices) Granularity and Neurite Outgrowth modules with or without

single cell segmentation based on the optional nuclear staining. Sta-

tistical analysis of the data included calculation of a Z0-factor coeffi-

cient. As used in this study, it represents the

separation of positive or high concentration

and negative control wells on a given plate.

Typically, eight control wells each for positive

and negative controls were included on each

plate and Z0-factor was calculated using the

following formula: Z0 = 1–[(3*spos + 3*sneg)/

j(Mpos–Mneg)j], where s= standard deviation

and M = average value. EC50 values were

determined using the 4-parameter curve fit

from the SoftMax� Pro software (Molecular

Devices).

RESULTS
Development and Optimization
of the Live-Cell High-Content
Assay with iPSC-Derived Neurons

The primary goal of this study was to

develop and evaluate fast, accurate, and re-

producible high-content and high-throughput

methods to investigate effects of test com-

pounds on the morphology and viability of

iPSC-derived neurons using live and fixed

cells. During development, neurons become

assembled into functional networks by ex-

tending the outward growth of axons and

dendrites (collectively called neurites) that

connect synaptically to other neurons.

Traditional markers that are widely used in

in vitro studies of neuronal cell viability and

neurite outgrowth are b-III tubulin and

microtubule-associated protein 2 (MAP2).

Class III b-tubulin, or b-III tubulin, is a

microtubule element of the tubulin family

found almost exclusively in neurons.28,29

Monoclonal antibodies against b-III tubulin

are traditionally used to identify neurons

in samples of brain tissue or primary preps of neurons, separat-

ing neurons from glial cells. MAP2 belongs to the microtubule-

associated protein family and is thought to be involved in microtubule

assembly, which is an essential step in neurogenesis. MAP2 serves

to stabilize microtubule growth by crosslinking of microtu-

bules with each other and other intermediate filaments.28,29 While

b-III tubulin and MAP2 provide neuronal cell specificity to the

in vitro assay readouts, these assays are time consuming, lower-

throughput, and involve multiple steps, including cell fixation,

permeabilization, blocking, antibody incubations, and washing.

Each of these steps has the potential to disrupt the neuronal cells

and introduce variability. Therefore, we tested whether Calcein AM,

a homogeneous cell-permeant dye that can be used to determine

cell viability in most eukaryotic cells, alone, or in combination

with a nuclear stain (e.g., Hoechst 33342), would streamline data

acquisition and analysis (Fig. 1).

Fig. 1. iCell Neurons were cultured in 384-well plates for 5 days at a density of 7,000 cells/
well and visualized live with Calcein AM. Left panel shows representative fluorescence mi-
croscopy images using either 10 · (top row), or 20 · (bottom row) objectives. Right panel
shows the outcome of the automated identification of the neuronal bodies (red dots) and
outgrowth (thin red lines) using the Neurite Outgrowth module in the MetaXpress 5 software.
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The assay was optimized for iPSC-derived neuronal cells (iCell

Neurons) that represent a highly homogeneous population of neu-

ronal cells. Calcein AM was used as a marker for both cell viability

(percent of live cells) and neurite outgrowth. A key benefit of using

this dye in the assay is that neuronal bodies and processes can be

visualized simultaneously in live cells as indicated by the 10 · and

20 · images presented in Figure 1. In experiments with Calcein AM

dye, images of the individual wells were acquired with the Im-

ageXpress Micro XLS system using 10 · or 20 · objectives (Fig. 1).

Typically, one 10 · or four 20 · images are captured per well in a

384-well plate. A 10 · objective provides sufficient resolution to

distinguish neurite networks and sub-cellular structures in a rela-

tively large number of cells (500–1,000) per image, which represents

about 1⁄4 of the total well area. Use of a 20 · objective decreases the

number of cells (120–200) captured in a single image, but may im-

prove detection of finer neurite branches and processes. Neuronal

bodies typically exhibited fluorescence intensities >10 times brighter

than neurite outgrowths (Table 1), thus allowing for efficient dis-

tinction between those cellular components during image processing

and indicated by the red masks shown in Figure 1. As expected, we

observed efficient formation of neurite outgrowth networks in iCell

Neurons cultured in 384-well plates, and images were easy to acquire

and process through an automated image analysis procedure that

provided quantitative data, including the average fluorescent in-

tensities and the total outgrowth/length (mm) of the detected neurites

(Fig. 1 and Table 1). An initial 1mM concentration of Calcein AM

was selected based on recommendations from the manufacturer and

proved to give good signal-to-background discrimination during

imaging with a short 10–20 ms exposure. In addition, a dilution series

of Calcein AM was performed and an acceptable concentration

range was found between 0.3 mM and 3mM (Table 1). A time course

of Calcein AM staining from 15 min to 3 h was also performed to

optimize experimental conditions. Neuronal fluorescence intensity

reached about 80% of the maximal value by 30 min and stabilized

after 1 h incubation with Calcein AM (Table 1). The extent of neurite

outgrowth was found to diminish after 3 h incubation with the dye

(Table 1). Based on these data a 1 mM concentration of Calcein AM

with a staining time of 30 min was selected for all further assays. To

test the effect of cell plating density on assay variability in 384-well

plates, we plated iCell Neurons at three different densities (2,000–

7,000 per well), cultured them for 48 h, and then exposed the cells to

0.1% DMSO for 72 h. On day 5, cells were stained with Calcein AM

and analyzed. It was found that 7,000 cells per well plating density

resulted in the lowest variability in the measured parameters between

wells (Table 2).

Quantitative analysis of the images captured in these experiments

included the derivation of multiple parameters that allow for the

assessment of both the morphological features of cultured neurons,

and the extent and degree of complexity of the neuronal networks

(Table 3). Specifically, neurite outgrowth was characterized by the

extent of the outgrowth (e.g., the number and percent of cells with

significant outgrowth, length of total outgrowth, and mean out-

growth per cell), the number of neurite processes (e.g., total number

of processes and mean number of processes per cell), and the extent

of branching (e.g., total number of branches and mean number of

branches per cell). Neurite outgrowth was determined by the length

of the skeletonized outgrowth in each image, corrected for the di-

agonal length. Processes were classified as primary neurites origi-

nating from the cell body. Branches were determined as neurites

Table 1. Optimization of Calcein AM Staining
for iCell Neurons Assays

Neurite outgrowth intensity Total neurite outgrowth, lm

AverageGSD CV (%) AverageGSD CV (%)

Time of incubation, min (with 1 mM Calcein AM)

5 596 – 83 14 96,400 – 10,300 11

15 1,002 – 36 3.6 189,800 – 8,700 4.6

30 1,810 – 110 6.1 216,100 – 5,300 2.5

60 2,350 – 110 4.6 226,300 – 8,600 3.9

120 2,543 – 74 2.9 204,200 – 7,400 3.6

180 2,650 – 120 4.5 124,800 – 9,100 7.3

Calcein AM concentration, mM (at 30 min incubation)

3 3,130 – 280 8.9 212,500 – 3,400 1.6

2 2,560 – 150 5.9 222,600 – 2,300 1.0

1 1,640 – 140 8.5 200,100 – 1,700 0.8

0.3 870 – 270 31 154,900 – 1,600 1.0

0.1 360 – 120 33 1,790 – 410 23

Results were calculated using one image per well in a 384-well plate using a

10 · objective. Cells were stained as described in the text. Averages were

derived from three wells on the same plate.

Table 2. Comparison of Plating Density on iCell Neurons
Viability and Neurite Outgrowth

Plating density

(cells/well)

Viable cell number Total neurite outgrowth, lm

Average6SD CV (%) Average6SD CV (%)

7,000 698 – 19 2.7 144,400 – 5,800 4.0

4,000 326 – 52 16 72,500 – 6,200 8.6

2,000 169 – 35 21 51,500 – 9,300 18

Results were calculated using one image per well in a 384-well plate using a

10 · objective. Cells were cultured for 48 h without treatment and then for 72 h

in the presence of 0.1% DMSO. Averages were derived from 16 wells on the

same plate.
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originating from a primary neuron. Other parameters that may be

captured include: process fluorescent intensity, neuronal body area,

and significant growth (neurites that have outgrowth greater than a

selected length, e.g., 25 mm).

Because 10 · imaging considerably reduces the amount of time

needed to acquire the entire 384-well plate, we performed a com-

parison of the variability in the parameters captured with different

objectives. iCell Neurons were cultured in the presence of vehicle

(0.1% DMSO) or retinoic acid (200mM) for 72 h, and live cell imaging

was performed with different objectives. Retinoic acid is associated

with developmental neuronal toxicity and produced representative

phenotypic changes in neurite outgrowth.12,30 We found that both

10 · and 20 · imaging modes yield highly reproducible data and

similar results (Table 3); however, the acquisition time was only

17 min for the entire 384-well plate when a 10 · objective and one

image per well settings were used, as compared with 68 min when a

20 · objective was used to acquire four images per well. During

image acquisition plates were kept at 37�C. Cells may be imaged

directly without washing steps, or staining solution may be removed

and substituted with PBS or another physiological buffer. In addition,

0.1% FBS can be added to PBS to support cell viability if multiple

plates are to be processed simultaneously. Plates may be fixed and

stored, but must be restained with an antibody-based stain (for ex-

ample anti-b-III-tubulin or MAP2 antibodies) to be fluorescently

imaged because Calcein AM is fluorescent only in live cells.

These results indicate that the assay is

suitable for multiparametric analysis and

provides the ability to quantify different

biological outputs. To determine whether

live cell imaging of Calcein AM stained

iCell Neurons is amenable to high-content

imaging-based concentration–response

profiling of the effects of chemicals on

neuronal cell cultures, we treated cells

with selected compounds. Those include

methylmercury (MeHg), a ubiquitous en-

vironmental toxicant that leads to long-

lasting neurological and developmental

deficits in animals and humans;31 rote-

none, a pesticide known to induce neuro-

toxicity;32,33 mitomycin C, an anticancer

drug (alkylating agent), known to cause

neuropathies;34 and retinoic acid, at high

doses is a known developmental neuro-

toxicant.30 Representative images of Cal-

cein AM stained iCell Neurons treated

with increasing concentrations of these

compounds are shown in Figure 2. A

concentration-dependent disintegration of

the neuronal networks and a loss of cell

viability were observed with all four

compounds (Tables 4 and 5). Even though

a clear concentration–response was ob-

served in all parameters with each test compound, we found that the

parameters that represent total outgrowth or branching of neurons in

culture were most sensitive indicators of toxicity as compared to cy-

totoxicity parameters (e.g., number of viable cells). For example,

methylmercury induced disintegration of networks at lower concen-

trations than it affected cell viability: EC50 values for neurite outgrowth

were <1mM, whereas values for cell viability were > 6mM. In contrast,

for mitomycin C the EC50 values for different parameters were com-

parable. Thus, one use of multiparametric high-throughput assay-

derived information may be for separating chemicals into either those

that cause toxicity primarily through nonselective interactions with

cells and cellular macromolecules or those that act through more se-

lective interactions (e.g., disruption of neuronal branching).

Comparison of the Calcein AM Assay to b-III Tubulin
and MAP2 Assays for Cultured iCell Neurons

In addition to live cell imaging with Calcein AM as detailed

above, we also performed a direct comparison of Calcein AM, b-III

tubulin, and MAP2 staining in iCell Neurons. First, iCell Neurons

were plated, cultured in the presence or absence of the chemical

compounds, and imaged as live cells using Calcein AM. Immediately

thereafter, cells were fixed, washed, and permeabilized to enable

antibody-enabled staining. Cells were stained with conjugated an-

tibodies for b-III tubulin and MAP2 with or without additional nu-

clear counter stain. Comparing the two techniques, Calcein AM

Table 3. Comparison of Imaging Resolution with 10 · and 20 · Objectives
on the Reproducibility of Retinoic Acid-Induced Changes in the Phenotypic
Parameters in iCell Neurons

203 Objective 1 Site/well 203 Objective 4 Sites/well

Parameter Vehicle Retinoic acid Vehicle Retinoic acid

Number of cells per image 500 – 27 13 – 12 130 – 5 6.8 – 4.1

Cells with significant outgrowth 478 – 27 0.5 – 0.6 127 – 5 0.4 – 0.5

% Cells with significant outgrowth 95.5 – 1.5 2.4 – 3.0 97.3 – 1.0 3.9 – 3.0

Total outgrowth, mm 93,800 – 2,900 36 – 50 35,800 – 500 43 – 26

Mean outgrowth per cell, mm 188 – 10 2 – 2 276 – 12 5.4 – 2.6

Total number of processes 1,949 – 91 6 – 8 684 – 40 5.3 – 3.1

Mean number of processes per cell 3.90 – 0.07 0.3 – 0.2 5.2 – 0.1 0.7 – 0.1

Total number of branches 2,640 – 140 0 – 0 1,780 – 46 0.3 – 0.5

Mean number of branches per cell 5.3 – 0.4 0 – 0 13.7 – 0.7 0.3 – 0.7

Acquisition Time for 384-well plate 17 min 68 min

Results (average – SD) were calculated using one image per well using a 10 · objective or four images per well

using a 20 · objective in a 384-well plate. Cells were cultured at 7,000/well for 48 h without treatment and then

for 72 h in the presence of vehicle (0.1% DMSO) or 200mM retinoic acid. Averages and SD’s were derived from 16

wells on the same plate. Values are given on a per site basis.
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involves a one-step staining process with 30 min incubation whereas

antibody staining requires multiple steps to fix, permeabilize, and

wash the cells followed by an overnight incubation. The antibody

concentrations were set to those recommended in the manufacturer’s

protocol for staining of primary neurons; thus, the impact of different

antibody concentrations or timing on image quality was not evalu-

ated in studies detailed herein. We note that excellent image quality

was obtained using the manufactur-

er’s recommended conditions (Fig. 3).

Cells were visualized using the FITC

channel for b-III tubulin (*100 ms

exposure), the Cy5 channel for

MAP2 (*200 ms exposure), and the

DAPI channel for the nuclear stain

(*100 ms exposure). Image analysis

was performed using the Neurite

Outgrowth module in the MetaX-

press 5 software to identify the

neuronal bodies using the nuclear

stain, and then characterize b-III

tubulin- or MAP2-labeled neurite

outgrowth (Supplementary Table S1;

Supplementary Data are available

online at www.liebertpub.com/adt).

Optimization of the image analysis

module and the parameter sets that

provided good performance were

similar to those described for the Cal-

cein AM live-cell assay.

We evaluated different output

parameters using selected com-

pounds described previously and

quantified their effects on the extent

and morphology of neurite net-

works (Fig. 4 and Tables 5 and 6).

The concentration-dependent ef-

fects of test compounds on the im-

ages and data obtained with all three

staining methods were found to be

both visually (Fig. 4) and quantita-

tively (Fig. 5) very similar. While

the concentration-dependent tox-

icity phenotypes collected in this

study (reported for the total out-

growth phenotype in Table 6) were

comparable between Calcein AM

and b-III tubulin assays, the values

for neurite outgrowth phenotypes

were 20%–40% smaller in the

MAP2 assay and statistically dif-

ferent from the other two methods

for most compounds (Supplemen-

tary Table S1). A possible reason for

this result is that the neurites do not equally coexpress both b-III

tubulin and MAP2 markers. Similar to the compound EC50 val-

ues, the assay performance metrics (coefficient of variation) for

the selected compounds were also very close and had a similar

rank order for both Calcein AM and b-III tubulin assays; how-

ever, the MAP2 assay exhibited higher variability (Supplementary

Table S1).

Fig. 2. Concentration–response effects of select toxicants on iCell Neurons using Calcein AM live-
cell assay. iCell Neurons were incubated with indicated compounds for 72 h and stained with
Calcein AM. Cells were imaged on the ImageXpress Micro XL system using 10 · objective. Con-
centrations are shown on each image.
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Development and Optimization of the Mitochondrial
Potential Assay for Cultured iCell Neurons

For additional in-depth investigation into the potential cytotoxic

mechanisms elicited by different test compounds on iCell Neurons,

we also evaluated the mitochondrial depolarization phenotype. We

monitored the mitochondrial membrane potential using short-time

compound treatment (30min)

protocols with the mitochon-

dria active dye JC-10, a deriv-

ative of JC-1.35 In viable cells,

JC-10 selectively accumulates

in the mitochondria and can be

detected as orange J-aggre-

gates. If the inner membrane

potential is lost, the monomeric

form of JC-10 is released into

the cytoplasm and the cells

fluoresce green. Typical JC-

10 staining patterns for con-

trol cells, and those treated

with the mitochondrial toxi-

cant rotenone, are shown in

Figure 6A. JC-10 staining

may be also combined with

Hoechst nuclear dye to allow

efficient segmentation of in-

dividual cells. Typical expo-

sure times were 10–15 ms for

JC-10 (TRITC channel) and

50–100 ms for Hoechst (DAPI

channel). The dye concen-

tration used was that re-

commended by the manufacturer (1:200 dilution) and the dye was

diluted using a JC-10 assay buffer. A dye dilution series was

tested and variation of fluorescence intensity with dye concen-

tration was found to be linear (Table 7). The fluorescent signal

was found to reach maximum intensity less than 30 min

Table 4. Multiparametric EC50s of the Concentration-Dependent Effects of Compounds
on iCell Neurons Using the Calcein AM Live-Cell Assay

Methylmercury

(0–100 lM)

Mitomycin C

(0–100 lM)

Rotenone

(0–100 lM)

Retinoic acid

(0–500 lM)

Parameter EC506SD (lM)

Number of cells with significant outgrowth 0.99 – 0.05 9.7 – 1.6 3.8 – 0.2 N.A.

% Of cells with significant outgrowth 1.3 – 0.2 30 – 1 N.A. N.A.

Total outgrowth, mm 0.61 – 0.02 9.1 – 0.8 2.7 – 0.2 39 – 2

Mean outgrowth per cell, mm 0.57 – 0.07 15 – 3 2.8 – 0.6 34 – 5

Total number of processes 0.87 – 0.01 8 – 2 3.2 – 0.1 54 – 1

Mean number of processes per cell 0.94 – 0.41 11.9 – 0.9 3.5 – 0.3 48 – 5

Total number of branches 0.42 – 0.03 7.4 – 1.3 2.0 – 0.3 27 – 3

Mean number of branches per cell 0.41 – 0.05 8.9 – 1.3 2.0 – 0.3 24 – 4

Number of viable cells 6.2 – 1.2 11 – 2 4.9 – 0.4 N.A.

Results were calculated using one image per well in a 384-well plate using a 10 · objective. Cells were cultured at 7,000/well

for 48 h without treatment and then for 72 h in the presence of increasing concentrations of the compounds in DMSO vehicle.

EC50 values were derived using the 4-parametric curve fit. N.A. means no fit was obtained to the data. Four replicates were taken

at each concentration and compounds were run over three representative experiments.

Table 5. Multiparametric Assessment of the Effects of Compounds on iCell Neurons Using Calcein AM Live-Cell Assay

Control

Methylmercury

(3 lM)

Mitomycin C

(10 lM)

Rotenone

(20 lM)

Retinoic acid

(120 lM)

Number of viable cells 498 – 18 72.7 – 23.2 118 – 24 143 – 94 210 – 62

Number of cells with significant outgrowth 468 – 17 0.25 – 0.53 0.88 – 1.19 0.25 – 0.46 0.50 – 0.89

% Cells with significant outgrowth 93.9 – 1.4 1.40 – 3.29 2.59 – 3.86 0.11 – 5.20 1.9 – 3.0

Total outgrowth, mm 89,800 – 5,200 19 – 31 83 – 87 203 – 185 47 – 75

Mean outgrowth per cell, mm 184 – 12 1.48 – 2.08 2.11 – 2.91 1.4 – 3.0 1.7 – 2.4

Total number of processes 1,970 – 72 2.69 – 3.39 10.5 – 8.0 1.6 – 3.8 6.1 – 9.7

Mean processes per cell 3.96 – 0.15 0.22 – 0.22 0.25 – 0.39 0.11 – 0.63 0.23 – 0.33

Total number of branches 2,530 – 280 59.8 – 26.8 4.50 – 3.11 11 – 2.4 38 – 19

Mean number of branches per cell 5.08 – 0.60 0.82 – 0.01 0.04 – 0.001 0.08 – 0.67 0.18 – 0.01

Results were calculated using one image per well in a 384-well plate using a 10 · objective. Cells were cultured at 7,000/well for 48 h without treatment and then for

72 h in the presence of indicated concentrations of the compounds in DMSO vehicle. Averages for positive and negative controls were derived from eight wells on the

same plate.
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poststaining. Cytotoxic effects of JC-10 dye were apparent at di-

lutions above 1:200 after 2 h in culture (data not shown).

After the JC-10 staining protocol was optimized as described

above, iCell Neurons were exposed to several test compounds for

30 min and treated with JC-10 for additional 30 min. Furthermore, to

avoid any increase in resistance of the cells to the mitochondria

damaging agents caused by glucose in the media, glucose-free media

(RPMI glucose-free) was used for 30 min before treatments. Test

compounds were diluted in the same glucose-free media. Mitochon-

dria positive for JC-10 accumulation were localized within cell bodies

and neurites, and exhibited a granular appearance; therefore, images

were analyzed using the Granularity analysis module in the MetaX-

press 5 software. The best results were obtained using a 10 · objective

(one image per well) or a 20 · objective (one to two images per well).

Typical granules were 0.5–4mM diameter. The background threshold

was adjusted to allow maximum separation of the positive and neg-

ative samples (*700–1,500 gray levels).

Treatment with compounds damaging to mitochondria resulted in a

concentration-dependent decline in the JC-10 staining intensity and the

number of granules (Fig. 6B). The analysis identifies JC-10 positive

granules, and, therefore, reports the number of mitochondria with un-

compromised membrane potential. Specifically, we used rotenone, a

compound that causes interruption of oxidative respiration and Ca2+

overload, and inhibitors of oxidative phosphorylation, carbonyl cyanide

m-chlorophenyl hydrazone (CCCP), and rapamycin.36 This assay also

enables derivation of multiple parameters from the imaging output.

Specifically, the Granularity analysis module enables measurements of

chemically induced changes in the granule area in the entire image and

individual cells, the number of granules, and the granule intensity (Table

8). In contrast, cell number was not affected during the short-time

(30min) compound exposure.

DISCUSSION
There is a great need for improved high-throughput methods to

measure neuronal toxicity in vitro to evaluate the potential effects of

drugs and chemicals, industrial and environmental, on neurons.

Recent developments in cell biology have generated novel in vitro

models for the evaluation and prioritization of compounds for sub-

sequent in vivo testing, including human iPSC-derived neuronal

cells.19 We present, in this study, examples of how iCell Neurons can

be used to evaluate morphological changes and the extent of neurite

outgrowth in high-content imaging assays that are suited for medi-

um-throughput quantitative screening of compounds. The mor-

phology, marker expression, and many functional characteristics of

the neurons used in this study are consistent with those identified in

primary cells.22 In contrast to rat hippocampal neurons and other

available primary cell models, iPSC-derived neurons represent hu-

man biology, are available in large quantities, stable in culture, and

display consistent reproducible phenotypes.17,18

High-content imaging of neuronal cells has been demonstrated

to be particularly useful for toxicity screening as it can assess subtle

phenotypic changes and provide multiparametric readouts.12,37

The main outcome from this study is a new straightforward

Fig. 3. Comparative analysis of Calcein AM, b-III tubulin, and MAP2
staining patterns in iCell Neurons. iCell Neurons were cultured in
384-well plates for 5 days at a density of 7,000 cells/well and
visualized with Calcein AM (top), b-III tubulin (middle), and MAP2
(bottom) using 10 · objective. Hoechst nuclear stain (blue) was also
used in all wells.
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high-content analysis method based on the commonly used cell

viability dye Calcein AM. While it is widely used in other cell-based

imaging assays, its application to the iPSC-derived neuronal cells

has the potential to both reduce cost and increase throughput of

experiments. The homogeneous single-step staining protocol saves

time because it is significantly shorter

than traditional antibody staining pro-

tocols, minimizes the potential dis-

ruption to neuronal cultures, and by

eliminating multiple automation steps

reduces the opportunities to intro-

duce assay variability. The automated

multiparametric screening method

and optimized protocol for cell treat-

ment, imaging, and image analysis can

greatly increase the productivity of

chemical safety screening studies. We

have demonstrated that the ImageX-

press Micro XLS system provides ex-

cellent performance and has the ability

to capture a large number of cells with

sufficient neurite outgrowth definition

in a single image per well. Single site

and single wavelength channel per

well acquisition of high-resolution

images in a 384-well format can con-

siderably increase throughput.

Importantly, the image analysis

step delivers a number of very infor-

mative phenotypic read-outs and

output parameters that can be used to

screen for deleterious effects of test

compounds on cell morphology and

viability from a simple workflow as-

say protocol. Using specific examples

and a set of known toxic compounds,

we demonstrated how different read-

outs can be used in combination to

characterize adverse effects on neurite

outgrowth, branching, mitochondrial

potential, and other parameters to

assess different types of toxicity. For

viability and morphological changes,

cells were typically exposed to com-

pounds for 72 h, which is consistent

with previous in vitro studies in dif-

ferent cell models.25,38

The analysis step generates infor-

mation that is reflective of the effects

in either the total image area or indi-

vidual cells. If cell plating is not uni-

form across a well or within an image

area, mean per cell values normalized

by the total cell number in the image may yield more useful data.

Additional phenotypic readouts that can be obtained from the same

Calcein AM assay include cell viability and cell area. The number of live

and dead neurons can be determined by counting viable neuronal

bodies using the Cell Scoring analysis module. Images are first

Fig. 4. Comparative analysis of the toxic effects of select chemicals on iCell Neurons using Calcein
AM, b-III tubulin, and MAP2 staining. iCell Neurons were subject to the following treatments: (A)
methylmercury (3 mM), (B) rotenone (10 mM), (C) mitomycin C (3mM), and (D) retinoic acid (55 mM).
Cells were imaged on the ImageXpress Micro XLS system using a 10 · objective. Images for each
dye series were scaled to the same intensity range.
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Table 6. Comparison of the Concentration-Dependent
Effects of Selected Compounds on the Total Neurite
Outgrowth Phenotypes of iCell Neurons Stained
by Three Distinct Methods

Calcein AM b-III tubulin MAP2
Compound

(Concentration range, lM) EC506SD (lM)

Methylmercury (0–100) 0.60 – 0.02 0.48 – 0.08 0.44 – 0.20

Rotenone (0–100) 4.1 – 0.3 3.9 – 0.8 1.7 – 0.9

Mitomycin C (0–100) 9.1 – 0.8 7.2 – 0.8 3.9 – 0.5

Retinoic acid (0–300) 30 – 1.5 27 – 1.8 28 – 12

Three replicates of each concentration were used to determine EC50 values.

Error values were determined from the error of the 4-parameter curve fit at the

50% effect level.

Fig. 5. Comparison of live-cell assay using Calcein AM (A) to fixed-
cell assays using b-III tubulin (B) and MAP2 (C). Concentration–
response curves with the 4-parameter fits are shown with resulting
EC50 values given in Table 6. Four replicates were acquired for each
data point. Error bars represent – 1 SD. Methylmercury (blue dia-
mond), rotenone (green circle), mitomycin C (red circle), retinoic acid
( purple square).

Fig. 6. Analysis of mitochondrial integrity in iCell Neurons using JC-
10 staining. (A) Images of control (0.1% DMSO) and treated (ro-
tenone, 7 mM, 30 min) iCell Neurons stained with the JC-10 dye. (B)
Concentration–response analysis of the effects (30 min of treat-
ment) of select chemicals [carbonyl cyanide m-chlorophenyl hy-
drazine (CCCP, purple square), rapamycin (red diamond), and
rotenone (green circle)] on the total number of granules per image
using the JC-10 dye. Three replicate wells were evaluated for each
data point; means (dots) and SD (vertical bars) are shown.

Table 7. Optimization of the JC-10 Staining
for iCell Neurons Assays

Granule intensity Total number of granules

Average6SD CV (%) Average6SD CV (%)

Time of incubation, min (with 1:200 dilution)

15 37,300 – 2,600 7.0 18,700 – 1,900 10

30 32,900 – 1,200 3.6 34,500 – 2,200 6.4

60 24,600 – 2,400 9.8 36,900 – 1,900 5.1

120 19,000 – 2,100 11 16,100 – 3,500 22

JC-10 reagent dilutions (at 30 min incubation)

1:200 28,100 – 1,700 6.0 34,500 – 2,200 6.4

1:400 19,700 – 2,200 11 21,900 – 5,600 26

1:800 9,300 – 1,300 14 19,300 – 9,300 48

1:1,600 420 – 120 29 1,160 – 1,080 93

Results were calculated using one image per well in a 384-well plate using a

10 · objective. Cells were stained as described in the text. Averages were

derived from three wells on the same plate.
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segmented into individual cells by nuclear staining and then live

(positive) or dead (negative) cells are determined by the intensity of the

Calcein AM signal in the neuronal bodies.

Importantly, the performance of the live-cell imaging assay with

Calcein AM is highly comparable to traditional fixed-cell assays with

neuronal markers b-III tubulin and MAP2. While it is not surprising that

in highly homogenous and pure cell cultures, such as iCell Neurons, any

marker that is able to visualize neuronal bodies and outgrowth would

perform well, the Calcein AM assay offers unique advantages in terms of

ease-of-use and information output, which enables phenotype charac-

terization according to cell viability under experimental conditions. In

addition, cells may be fixed and stored for follow up analysis with any

number of additional markers.

It should be acknowledged that even with the proposed improve-

ments and optimizations, this in vitro model system has limitations with

respect to neuronal toxicity hazard detection and identification of po-

tential mechanisms. Since only a very limited set of compounds was

tested, it was not possible to determine assay predictivity, sensitivity, and

specificity. Testing an extended set of compounds needs to be performed

to determine these parameters. We also note that the proposed assays

may not distinguish well between neurotoxic effects and general cyto-

toxicity. It was found that the EC50 values for some

compounds determined by the assays were higher than

those reported in other studies that used primary neu-

ronal cultures in vitro. For example, the EC50 value for

rotenone was about 100-fold greater in iCell Neurons

in the live-cell imaging assay than those reported in

primary rat neurons.39 However, the EC50 values for

methylmercury was similar to that reported for a rat

neuronal cell model.40 Interaction of neuronal cells with

astrocytes and other cells may increase the sensitivity of

the assay, so future improvement of the assay may in-

clude a coculture system of neurons and astrocytes.

It is also likely that additional assays and read-outs

would be beneficial to the overall utility of the system.

For example, the mitochondrial potential assay using

JC-10 demonstrated that it can be a potentially useful

follow-up mechanistic evaluation step. Information

from this assay is complementary to neurite outgrowth

phenotype characterizations. Clear concentration-

dependent responses were observed with this assay;

however, further improvements are needed to increase

assay precision and robustness. In addition, nonhigh-

content screening assays measuring, for example,

neuronal activation, calcium ion flux, or ion channel

activity could enable functional screening for neuro-

toxicity.41 Such assays will be even more useful for

addressing neuronal signaling or disease phenotypes in

more advanced iPSC-derived models such as dopa-

minergic neurons, or specific patient-derived cells.

In summary, the iPSC-derived neuronal cell model

combined with high-content imaging-based assays

presented in this study shows promise as a sensitive

and reproducible tool for assessing changes in neuronal viability and

morphology. While there are a number of limitations, further devel-

opment of the methods and models will increase the utility of this

in vitro tool for screening of potential neurotoxic hazards of chemicals.
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TRITC¼ tetramethyl rhodamine isothiocyanate

HIGH-CONTENT SCREENING USING IPSC-DERIVED NEURONS

ª MARY ANN LIEBERT, INC. � VOL. 12 NO. 9/10 � NOVEMBER/DECEMBER 2014 ASSAY and Drug Development Technologies 547


